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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


►  Buckypaper  modified  by  graphitic 
petals  to  enhance  area  and  chemical 
functionality. 

►  Mn02  coated  on  the  carbon  struc¬ 
ture  by  a  simple,  solution-based 
method. 

►  Exceptional  functional  perfor¬ 
mance:  580  F  g  1  (Mn02  mass 
basis),  44  Wh  kg-1,  25  kW  kg  l 

►  Less  than  10%  degradation  after 
1000  CV  cycles. 
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Hybrid  manganese  dioxide/graphitic  petal  structures  grown  on  carbon  nanotube  substrates  are  shown  to 
achieve  high  specific  capacitance,  energy  density,  power  density,  and  long  cycle  life  for  flexible  super¬ 
capacitor  applications.  Vertical  nanoscale  graphitic  petals  were  prepared  by  microwave  plasma  chemical 
vapor  deposition  on  commercial  carbon  nanotube  substrates  and  subsequently  coated  with  a  thin  layer 
of  Mn02.  The  graphitic  petal/carbon  nanotube  architecture  without  any  binder  provides  an  efficient 
scaffold  for  maximizing  the  electrochemical  performance  of  Mn02.  A  specific  capacitance  (based  on  the 
mass  of  Mn02)  of  580  F  g-1  is  obtained  at  a  scan  rate  of  2  mV  s-1  in  1  M  Na2S04  aqueous  electrolyte.  The 
energy  density  and  power  density  at  50  A  g-1  are  28  Wh  kg-1  and  25  kW  kg-1,  respectively.  In  addition, 
the  composite  electrode  shows  excellent  long-term  cyclic  stability  (less  than  10%  decrease  in  specific 
capacitance  after  1000  cycles)  while  maintaining  a  small  internal  resistance.  Parallel  density  functional 
studies  were  performed  to  investigate  the  stability  and  electronic  structure  of  the  Mn02/graphene 
interface.  Taken  together,  the  work  indicates  the  Mn02/graphitic  petal/carbon  nanotube  composite  is 
a  promising  electrode  material  for  high-performance  supercapacitors. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  capacitors  (ECs),  known  as  supercapacitors  or 
ultracapacitors,  with  high  power  density,  fast  power  delivery  and 
long  cycle  life,  promise  to  complement  or  even  replace  batteries  in 
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energy  storage  applications  such  as  uninterruptible  back-up  power 
supplies,  load-leveling,  portable  electronics,  hybrid  electronic 
vehicles  and  renewable  energy  systems  [1,2].  To  achieve  high 
power  and  high  energy  density,  suitable  electrode  materials  are 
required  to  undergo  fast  reversible  redox  reactions.  Metal  oxides 
(e.g.,  Mn02  [3],  RuC^  [4],  VO  [5],  Fe203  [6])  offer  high  pseudoca¬ 
pacitance  through  fast  and  reversible  redox  reactions  near  the 
surface  of  active  materials.  Because  of  its  high  specific  capacitance 
(720  F  g-1)  [4],  Ru02  is  one  of  the  most  promising  candidates  for 
ECs.  However,  commercialization  of  Ru02  is  unlikely  because  of  its 
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high  material  cost,  which  derives  from  the  scarcity  of  Ru. 
Conversely,  Mn02,  with  low  cost,  low  toxicity,  and  most  impor¬ 
tantly  high  theoretical  specific  capacitance  (-1370  F  g-1)  [7]  has 
attracted  much  attention  as  a  pseudocapacitive  electrode  material. 
However,  its  poor  electric  conductivity  (10-5— 10-6  S  cm-1)  and  its 
tendency  to  function  capacitively  in  thin  surface  layers  create 
practical  challenges  to  realizing  its  high  theoretical  capacitance  [7]. 
Nonetheless,  numerous  studies  aimed  at  realizing  favorable  new 
microstructures  on  MnC^-based  composites  for  use  as  electrodes 
have  been  reported  on  both  flexible  and  rigid  substrates  [8-16]. 

Carbon  materials  (e.g.,  carbon  nanotubes  [3,17],  carbon  fibers 
[18],  activated  carbon  [19],  graphene  [20-22])  are  widely  studied  as 
supercapacitor  electrodes  due  to  high  specific  area,  high  conduc¬ 
tivity  and  low  mass  density.  Among  these,  vertical  graphene 
nanosheets  or  graphitic  petals  (GPs)  directly  grown  on  carbon  cloth 
or  Ni  foil  without  any  binder  have  shown  promising  results  as 
active  electrode  materials  in  ECs  [23—25].  However,  to  date,  this 
highly  conductive  and  two-dimensional  (2-D)  carbon  nanosheet 
structure  as  a  nanotemplate  has  not  yet  been  systematically  studied 
and  optimized  to  exploit  the  electrochemical  properties  of  the 
pseudocapacitive  materials  (e.g.,  metal  oxide). 

In  this  paper,  we  report  the  EC  performance  of  vertical  GPs 
grown  by  microwave  plasma  chemical  vapor  deposition  (MPCVD) 
on  flexible  commercial  buckypaper  (BP).  The  BP  provides  a  light, 
flexible,  and  mechanically  robust  substrate  for  GP  growth.  This 
substrate,  when  coated  with  a  thin  Mn02  layer,  forms  an  archi¬ 
tecture  referred  to  as  a  MnC^/GP/BP  composite  electrode.  The  GP/ 
BP  architecture  offers  an  effective  scaffold  for  exploiting  the 
outstanding  electrochemical  behavior  of  Mn02,  realizing  high 
energy  and  power  density  characteristics  for  electrochemical 
supercapacitor  applications. 

Density  functional  theory  (DFT)  calculations  were  carried  out  to 
provide  further  insight  on  the  interfacial  electrical  nature  of  the 
Mn02  on  the  surface  of  GPs.  The  DFT  results  show  a  Mn02/graphene 
interface  capable  of  electron  transport  during  the  charge/discharge 
process. 


2.  Experimental 

The  MPCVD  system  used  for  synthesis  of  GPs  in  this  study  has 
been  previously  described  in  detail  elsewhere  [26].  To  our  best 
knowledge,  the  formation  of  petals  requires  a  plasma  environment, 
and  this  need  likely  explains  the  limited  prior  work  on  GPs  for 
electrochemical  storage,  as  non-plasma  CVD  of  planar  graphene  is 
a  much  more  common  and  inexpensive  laboratory  method.  Briefly, 
the  plasma  source  consists  of  a  2.45  GHz  frequency  microwave 
power  supply  with  variable  power.  Commercial  buckypaper 
(Nanocomp  Technologies,  Inc.,  USA),  washed  in  6  M  HNO3  for 
15  min  to  eliminate  the  residuals  and  surfactant  before  GP  growth, 
was  used  as  substrates  to  grow  GPs.  The  substrates,  elevated  9  mm 
above  a  Mo  puck  by  ceramic  spacers,  were  subjected  to  MPCVD 
conditions  of  H2  (50  seem)  and  CH4  (10  seem)  as  the  primary  feed 
gases  at  30  Torr  total  pressure.  The  substrates  were  initially 
exposed  to  hydrogen  plasma  for  approximately  2  min,  during 
which  the  plasma  power  gradually  increased  from  300  W  to  600  W. 
The  GP  growth  duration  was  20  min.  The  typical  dimensions  of  the 
samples  were  15  mm  x  5  mm. 

To  make  GP/BP  composites  suitable  for  electrochemical  elec¬ 
trodes  prior  to  MnC^  coating  or  electrochemical  measurement, 
concentrated  H2S04  and  HNO3  (volume  ratio  3:1)  were  used  to 
functionalize  the  surface  of  GPs  at  50  °C  for  2  h  in  an  oven.  The 
samples  were  then  washed  in  deionized  water  and  dried  at  100  °C 
overnight.  A  neutral  precursor  solution  (pH  7)  for  the  Mn02  coating 
process  was  prepared  by  mixing  0.1  M  Na2S04  (Alfa  Aesar)  and 
0.1  M  KMn04  (Alfa  Aesar)  solutions.  The  GPs  grown  on  BP  were 
immersed  into  the  solution,  which  was  kept  at  80  °C  in  an  oven  for 
40  min.  The  loading  amount  can  be  easily  controlled  by  adjusting 
the  immersion  time.  The  sample  was  then  rinsed  with  deionized 
water  and  subsequently  annealed  at  200  °C  for  3  h  using  a  hotplate 
in  air.  The  mass  of  coated  MnC^  was  calculated  from  the  weight 
difference  before  and  after  the  coating  process.  The  loading  amount 
of  Mn02  in  this  study  is  approximately  110  pg,  measured  using 
a  microbalance  with  an  accuracy  of  1  pg. 


Fig.  1.  SEM  images  of  (a)  graphitic  petals,  (b)  A  magnified  image  of  graphitic  petals  showing  smooth  surfaces,  (c)  Mn02  coated  on  graphitic  petals,  (d)  A  magnified  image  of  uniform 
Mn02  coating  on  graphitic  petals. 


256 


G.  Xiong  et  al.  /  Journal  of  Power  Sources  227  (2013)  254-259 


The  electrochemical  performance  of  the  Mn02/GP/BP  hybrid 
structure  was  evaluated  using  a  BASi  Epsilon  electrochemical 
system  (Bioanalytical  Systems  Inc.,  Indiana,  USA).  The  standard 
three-electrode  cell  consisted  of  Ag/AgCl  as  the  reference  electrode, 
Pt  mesh  as  the  counter  electrode  and  the  synthesized  composite 
sample  as  the  working  electrode.  AIM  Na2S04  solution  served  as 
the  electrolyte  at  room  temperature.  Scan  rates  of  2,  5, 10,  20,  50, 
and  100  mV  s_1  were  employed  for  cyclic  voltammetry,  and  charge/ 
discharge  measurements  were  carried  out  at  different  current 
densities  of  5, 10,  20, 30, 40  and  50  A  g-1.  Long-term  cyclic  stability 
of  the  composite  electrodes  was  evaluated  repeatedly  at 
100  mV  s'1  for  1000  cycles.  A  potential  window  in  the  range  from 
0  to  0.8  V  was  used  in  all  measurements.  A  Hitachi  S-4800  field 
emission  scanning  electron  microscope  (FESEM)  was  used  to  image 
the  surface  morphology  of  all  the  samples. 


Throughout  this  study,  multiple  samples  were  prepared  under 
identical  conditions  to  test  for  reproducibility  of  the  processing 
conditions.  CV  data  acquired  from  the  multiple  samples  could  be 
reproduced  to  within  ±5%.  In  what  follows,  we  present  the  best 
results  chosen  from  the  sample  set. 

3.  Modeling 

To  understand  the  electronic  structure  of  the  Mn02/GP 
composite,  we  have  simulated  large  clusters  of  (4  x  2)  Mn02  on 
a  graphene  supercell  (6  x  6)  using  density  function  theory  (DFT). 
Although  in  real  cases  the  Mn02  structure  displays  diverse 
conformations  with  edge-and  corner-sharing  MnC>6  possessing 
various  pore  sizes  [27—31  ],  with  a  distribution  of  Mn  cations  among 
the  network  of  oxygen  atoms,  we  employed  the  simplest 


Fig.  2.  (a)  Cyclic  voltammetry  curves  of  the  Mn02/GP/BP  composites  at  different  scan  rates  in  1  M  Na2S04  aqueous  electrolyte,  (b)  Cyclic  voltammetry  curves  of  BP,  GP/BP,  Mn02/BP, 
and  Mn02/GP/BP  at  10  mV  s_1.  (c)  Specific  capacitances  of  Mn02/GP/BP  (black),  Mn02/BP  (red),  GP/BP  (dark  cyan)  and  BP  (blue)  at  different  scan  rates,  (d)  Charge/discharge  curve  of 
Mn02/GP/BP  at  different  current  densities,  (e)  Ragone  plot  of  the  estimated  specific  energy  and  specific  power  at  various  current  densities,  (f)  Capacity  retention  of  Mn02/GP/BP  as 
a  function  of  cycle  number.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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configuration.  Electronic  structure  calculations  were  carried  out  by 
DFT  with  the  plane-wave  self-consistent  field  (PWSCF)  code  [32]. 
The  generalized  gradient  approximation  (GGA)  [33]  was  imple¬ 
mented  to  estimate  the  exchange  correlation  energy  of  electrons. 
Ultrasoft  pseudopotentials  [34]  were  used  to  represent  the  inter¬ 
action  between  ionic  cores  and  valence  electrons.  Kohn-Sham  wave 
functions  were  represented  with  a  plane-wave  basis  using  an 
energy  cutoff  of  40  Ry  and  charge  density  cutoff  of  240  Ry  [35].  A 
uniform  mesh  of  k  points  (5x5x1)  was  taken  for  integration  over 
the  Brillouin  zone  [36]. 

4.  Results  and  discussion 

SEM  images  of  GPs  synthesized  by  MPCVD  are  shown  in  Fig.  la. 
The  petals  extend  approximately  500  nm  from  the  BP  surface,  and 
the  typical  span  width  of  a  single  unwrinkled  2-D  petal  ranges  from 
100  nm  to  500  nm.  The  thickness  of  a  GP  can  reach  several  nano¬ 
meters,  corresponding  to  less  than  50  graphene  layers.  A  magnified 
image  of  one  petal  marked  by  the  rectangular  box  in  Fig.  la  is 
shown  in  Fig.  lb,  revealing  the  smooth  surfaces  of  the  GPs.  These 
surfaces  provide  easily  accessible  sites  for  Mn02  coating.  The 
crumpled  structures  of  the  vertical  graphene  sheets  with  both  sides 
exposed  to  Mn02  precursor  solution  offer  large  specific  area  for 
coating.  Fig.  lc  shows  the  morphology  of  Mn02  coated  on  GPs. 
Fig.  Id  contains  a  magnified  image  of  the  area  marked  by  the 
rectangular  box  in  Fig.  lc,  clearly  showing  a  thin  uniform  layer  of 
Mn02  on  the  smooth  GP  surfaces,  even  on  the  smaller  petals. 

Previous  studies  [13,37]  suggest  that  MnOj  ions  can  be  reduced 
spontaneously  to  Mn02  on  the  surface  of  carbon  nanotubes  by 
oxidizing  exterior  carbon  atoms  via  the  following  redox  reaction: 

4M11O4  +  3C  +  H20«4Mn02  +  COf  +  2HCO3  (1) 

We  believe  that  a  similar  mechanism  applies  here  in  the  case  of 
Mn02  coating  on  GP  surfaces.  Reduction  of  permanganate  ion 
(MnO^ )  to  Mn02  on  carbon  is  pH-dependent.  Neutral  pH  solution 
leads  to  thin  films  of  Mn02,  while  acidic  solution  can  result  in  large 
agglomerated  Mn02  particles  [13].  Consequently,  the  thin  film  of 
Mn02  coated  on  GPs  can  be  attributed  to  the  neutral  electrolyte 
used  in  this  study. 

Fig.  2a  shows  cyclic  voltammetry  (CV)  curves  of  the  MnC^/GP/BP 
composites  at  scan  rates  of  2, 5, 10, 20,  50, 100  mV  s-1  in  1  M  Na2S04 
aqueous  solution  with  potential  windows  ranging  from  0  to  0.8  V. 
The  advantages  of  the  unique  electrochemical  behaviors  of  Mn02 / 
GP/BP  electrodes  are  apparent  in  Fig.  2b  which  shows  a  comparison 
of  CV  curves  for  BP,  GP/BP,  MnC^/BP  and  MnC^/GP/BP  at  a  fixed  scan 
rate  of  10  mV  s-1.  The  shapes  of  these  curves  are  quasi-rectangular, 
indicating  the  presence  of  electrical  double-layer  capacitance  and 
pseudocapacitance.  The  MnC^-coated  GP/BP  architecture  involves 
redox  reactions  in  the  cyclic  voltammetry  tests  as  Mn  atoms  are 
converted  into  higher/lower  (IV/III)  oxidation  states.  These 
conversions  are  induced  by  intercalation/extraction  of  HsO+  or 
alkali  cations  (Na+)  to/from  the  MnCb  outer  layer.  The  mechanism 
of  this  reaction  can  be  expressed  as  [7,11,38]: 

(Mn02) surface  +  X  +  e  (MnOOX)surface 

(X+  =  Na+  or  H30+)  1  J 

The  average  specific  capacitance  from  CV  curves  was  deter¬ 
mined  by  [9]: 

C  -  2SM(V,  -  V,)  /  lmdV  (3> 

Vi^Vh^V, 

where  C  is  the  specific  capacitance  in  F  g  \  s  is  the  scan  rate  in  V  s-1, 
M  is  the  mass  of  the  added  Mn02  to  the  electrodes  in  g,  14  and  V/  are 


high  and  low  potential  limits  of  the  CV  tests  in  V ,  /  is  the  instan¬ 
taneous  current  on  CV  curves,  and  V  is  the  applied  voltage  (V).  The 
specific  capacitance  of  BP  at  a  scan  rate  of  2  mV  s-1  calculated  from 
the  CV  curves  is  27  F  g_1,  which  is  comparable  to  reported  values  for 
CNTs  [39].  The  specific  capacitance  of  GP/BP  (based  on  total  mass  of 
the  two  components)  calculated  at  2  mV  s-1  is  47  F  g-1,  which  is 
approximately  70%  higher  than  that  of  bare  BP.  The  same 
improvement  (~70%)  was  also  observed  in  H2SO4  electrolyte 
(results  not  shown  here),  indicating  an  inherent  improvement  in 
specific  capacitance  after  GP  growth  on  BP.  This  result  is  attributed 
to  an  increase  in  the  specific  area  after  growing  GPs  on  the  BP 
substrate  coupled  with  electric  field  enhancement  introduced  by 
the  sharp  edges  of  the  GPs. 

The  specific  capacitance  of  the  MnC^/GP/BP  composites  was 
calculated  based  on  the  mass  of  pristine  Mn02  for  the  following 
reasons:  (1)  The  surface  of  carbon  was  coated  with  Mn02;  conse¬ 
quently,  the  carbon  materials  would  participate  weakly  in  the 
charge  storing  process  as  charge  is  primarily  stored  at  the  outer 
layer  of  Mn02  through  a  Faradic  reaction.  (2)  The  specific  capaci¬ 
tances  of  BP  and  GP/BP  are  mainly  of  the  electrostatic  double-layer 
type  and  are  far  smaller  than  the  specific  capacitance  of  Mn02 
caused  by  Faradic  redox  reactions,  making  it  reasonable  to  calculate 
the  specific  capacitance  based  on  the  mass  of  pristine  Mn02. 

Fig.  2c  shows  comparative  specific  capacitances  of  BP,  GP/BP, 
Mn02/BP  and  MnC^/GP/BP  calculated  from  CV  curves  at  voltage 
scan  rates  from  2  to  100  mV  s-1.  At  a  scan  rate  of  2  mV  s-1,  the 
specific  capacitance  of  the  MnC^/GP/BP  hybrid  composite  reaches 
580  F  g-1  (based  on  the  mass  of  pristine  Mn02).  The  specific 
capacitance  based  on  the  overall  mass  (Mn02/GP/BP)  at  2  mV  s_1  is 
218  F  g-1,  which  is  higher  than  that  of  a  comparable  MnC^/BP 
composite  previously  reported  [16].  The  masses  of  the  composite 
constituents  through  the  integration  process  for  a  typical  sample 
are  provided  in  Table  1.  At  a  high  scan  rate  of  100  mV  s-1,  the 
specific  capacitance  of  MnC^/GP/BP  still  remains  close  to  320  F  g-1, 
which  is  comparable  to  the  rate  performance  reported  elsewhere 
[8,9,11,14].  However,  for  the  same  Mn02  coating  time,  the  specific 
capacitance  of  Mn02/BP  is  only  about  266  F  g-1  (based  on  pristine 
Mn02)  at  2  mV  s_1  (see  Fig.  2c).  The  superior  rate  capability  of 
Mn02/GP/BP  composites  demonstrates  the  advantages  of  this  new 
architecture  of  GP/BP  as  a  highly  conductive  scaffold  for  maxi¬ 
mizing  the  utilization  of  the  practical  electrochemical  performance 
of  Mn02.  Since  previous  studies  show  that  only  a  very  thin  layer  of 
Mn02  is  involved  in  the  charge  storage  process  [7],  the  specific 
capacitance  of  Mn02  coated  on  the  supporting  GP/BP  can  likely  be 
further  improved  by  optimizing  the  thickness  of  the  coated  Mn02 
layer. 

Constant-current  charge/discharge  curves  of  the  as-prepared 
Mn02/GP/BP  hybrid  structure  at  different  current  densities  are 
shown  in  Fig.  2d.  The  charge/discharge  curves  display  a  symmetric 
shape,  indicating  that  the  structure  has  a  good  electrochemical 
capacitive  characteristic.  The  specific  capacitance  derived  from 
galvanostatic  (GV)  tests  can  be  calculated  from  [8]: 


where  4  is  the  discharge  current  in  A,  and  v  is  the  slope  of  the 
discharge  curve  after  the  initial  potential  drop  associated  with  the 


Table  1 

Area-normalized  composite  constituent  masses  for  a  typical  sample  with  Euclidean 
area  of  75  mm2  measured  by  a  microbalance  with  1  pg  accuracy. 


BP 

GP  +  BP 

Mn02  +  GP  +  BP 

Mass  (pg  mm  2) 

5.08 

6.56 

10.2 
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cell  internal  resistance  (IR  drop).  The  specific  capacitances  derived 
from  the  discharge  curves  agree  well  with  the  results  calculated 
from  CV  measurements.  At  5  A  g-1,  the  calculated  specific  capaci¬ 
tance  is  493  F  g-1,  which  is  almost  identical  to  the  specific  capac¬ 
itance  497  F  g-1  calculated  at  10  mV  s-1,  corresponding  to  an 
average  current  density  close  to  5  A  g-1  (see  Fig.  2b). 

The  energy  density  E  (in  Wh  kg-1)  and  the  power  density  P  (in 
kW  kg-1)  are  important  parameters  to  characterize  the  electro¬ 
chemical  performance  of  supercapacitors.  In  this  study,  these 
quantities  were  calculated  by: 


_  CV2 
“  2  M 

(5) 

(6) 

where  V is  the  applied  voltage  in  volts  and  At  is  the  discharge  time 
in  seconds.  Fig.  2e  shows  the  Ragone  plot  for  the  Mn02/GP/BP 
structured  electrode  at  different  current  densities.  At  a  high  current 
density  of  50  A  g-1,  the  calculated  energy  density  is  28  Wh  kg-1, 
and  the  average  power  density  is  25  kW  kg-1.  These  values  are 
more  promising  than  the  reported  energy  density  (14.8  Wh  kg-1) 
and  power  density  (2.5  kW  kg-1)  of  electrodeposited  Mn02  films 
on  BP  substrates  [14],  suggesting  that  the  Mn02/GP/BP  composite 
warrants  further  consideration  as  an  electrode  material  in  super¬ 
capacitor  applications. 

Cycle  lifetime  is  one  of  the  most  critical  factors  in  supercapacitor 
applications.  Typical  issues  facing  Mn02-based  electrodes  in 
aqueous  electrolyte  include:  mechanical  expansion  of  Mn02  during 
ion  insertion/desertion  processes,  Mn02  film  detachment  from 
electrode  surfaces,  and  Mn  dissolution  into  electrolyte  [7,38].  A 


cyclic  stability  test  over  1000  cycles  for  the  Mn02/GP/BP  structured 
electrode  at  a  scan  rate  of  100  mV  s-1  was  carried  out  in  a  potential 
window  ranging  from  0  to  0.8  V.  Fig.  2f  shows  the  specific  capaci¬ 
tance  retention  as  a  function  of  cycle  number.  The  composite 
electrode  shows  less  than  10%  loss  in  specific  capacitance  after 
1000  charge/discharge  cycles,  indicating  good  capacity  retention. 

DFT  simulations  can  help  to  elucidate  the  fundamental  proper¬ 
ties  at  interfaces  between  Mn02  and  graphene,  particularly  in  terms 
of  lattice  stability  and  electronic  structure  of  the  composite.  A 
schematic  diagram  of  Mn02  clusters  and  graphene  (top  view)  is 
shown  in  Fig.  3a.  In  this  configuration,  constrained  relaxation  was 
carried  out  (only  atomic  positions  of  the  Mn02  are  allowed  to  relax, 
with  initially  relaxed  graphene).  In  order  to  focus  on  the  interface 
between  Mn02  and  graphene,  we  have  considered  only  one  layer  of 
graphene  and  a  simple  Mn02  cluster  as  shown  in  Fig.  3a,  with  the 
purpose  of  elucidating  basic  mechanisms  that  are  possible  at 
interfaces  between  Mn02  and  graphene.  The  Mn02/GP  composite  is 
relaxed  with  energy  converged  to  less  than  2  kcal  mol-1.  The 
formation  energy  of  the  composite  is  calculated  to  be  128  kcal  mol-1, 
suggesting  covalent  bonding  between  Mn02  and  graphene.  During 
the  charge/discharge  process,  we  expect  the  composite  to  undergo 
compressive/tensile  stresses.  To  mimic  the  phenomena,  we  have 
simulated  the  structure  with  various  pressure  values  in  the  super¬ 
cell.  From  the  electronic  density  of  states,  the  composite  exhibits 
metallic  behavior  (finite  density  of  states  at  Ep)  in  both  cases,  and 
this  metallic  state  changes  little  with  different  stresses  as  shown  in 
Fig.  3b,  where  different  negative/positive  pressures  are  used  to 
mimic  compressive/tensile  stresses.  We  note  that  the  present  case  of 
a  thin  Mn02  layer  on  graphene  is  quite  different  from  bulk  Mn02  and 
a  graphitic  interface,  for  which  further  complexities  arise.  The 
comparative  electronic  density  of  states  of  graphene,  Mn02  and 
Mn02/graphene  (the  most  stable  structure)  are  shown  in  Fig.  3c. 


Fig.  3.  (a)  Schematic  diagram  of  Mn02  clusters  and  graphene  (top  view);  (b)  Electronic  density  of  states  under  compressive/tensile  stresses  (c)  the  comparative  electronic  density  of 
states  of  graphene,  Mn02  and  Mn02/graphene;  (d)  Iso-electronic  charge  contour  plot  shown  at  a  particular  plane  (indicated  by  the  yellow  line  from  the  top  view  in  (a), 
perpendicular  to  the  graphene  plane  and  along  a  zig-zag  direction)  with  electronic  charge  distribution  at  Mn02/graphene  interface.  (For  interpretation  of  the  references  to  color  in 
this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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The  low  interfacial  resistance  achieved  in  the  MnC^/GP/BP 
electrode  is  a  matter  of  interest,  and  we  use  the  results  of  DFT 
calculations  to  provide  further  insight  into  this  result.  The  iso- 
electronic  charge  contour  plot  drawn  in  Fig.  3d  is  a  two- 
dimensional  cut  of  the  charge  density  in  a  vertical  plane  that 
contains  the  yellow  line  drawn  parallel  to  the  zig-zag  direction  as 
shown  in  Fig.  3a.  This  vertical  plane  was  chosen  to  highlight  the 
redistribution  of  charge  from  the  graphene  layer  toward  the  oxygen 
atoms  in  Mn02.  Further  iso-electronic  contour  plots  in  different 
planes  are  provided  in  the  Supplementary  information.  From  these 
plots,  we  infer  that  charge  transfer  at  the  graphene-Mn02  interface 
is  facilitated  by  the  oxygen  atoms  in  the  Mn02  complex,  providing 
some  understanding  for  the  low  interfacial  resistance  experienced 
by  electron  transport  through  the  composite  interface.  Without  this 
conduction  channel,  charge  transfer  would  be  reduced,  making  the 
composite  less  suitable  for  supercapacitor  applications. 

5.  Conclusion 

A  new  structure  of  M11O2/GP/BP  has  been  demonstrated  for 
flexible  supercapacitor  electrodes,  showing  promising  electro¬ 
chemical  behavior.  The  GP/BP  architecture  without  any  binder 
provides  an  efficient  scaffold  for  maximizing  the  practical  electro¬ 
chemical  performance  of  Mn02,  realizing  high  specific  capacitance, 
excellent  rate  capability  and  long-term  cycle  life,  high  energy 
density  and  high  power  density.  The  metallic  nature  of  the  Mn02l 
GP  composite  provides  a  facile  conduction  path  for  electron 
transport  in  the  charge/discharge  process.  These  results  suggest 
that  such  a  MnC^/GP/BP  architecture  may  be  practically  useful  for 
next  generation  high-performance  supercapacitors. 
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